We examined the F, Cl, Br and I abundance of minimally retrogressed lawsonite blueschists from the Tavsanli Zone in northwest Turkey to evaluate the behaviour of halogens in subduction zones, and to determine the role coexisting high pressure minerals may play in transporting the halogens to the Earth's mantle. The blueschists contain sodic amphibole and lawsonite, with variable amounts of phengite and chlorite, and minor apatite. A positive correlation between Cl, Br and I contents in bulk rocks suggests their overall coherent behaviour in subduction zones, although high ratios of I/Cl and Br/Cl compared to altered oceanic crust indicate that Cl is preferentially lost relative to Br and I before or during blueschist metamorphism. Iodine and F are enriched relative to altered oceanic crust, suggesting incorporation from marine sediments. In situ analyses of minerals in thin sections reveal F preferentially concentrates in apatite (avg. 3.13 wt%), over phengite (482 ppm), lawsonite (avg. 413 ppm) and Na-amphibole (257 ppm). Chlorine also preferentially resides in apatite (138 ppm), followed by equal partitioning between phengite (59 ppm) and Na-amphibole (56 ppm), and lower concentrations in lawsonite (27 ppm). Upon apatite decomposition at a depth of ∼200 km, F may redistribute into lawsonite and phengite in slabs, whilst Cl is likely expelled to the overlying mantle wedge. Given the stability of lawsonite and phengite to a depth of 280-300 km in cold subduction zones, they may transport F beyond subarc depths, contributing to the high F in magmas derived from the deep mantle.
Introduction
Halogens are predominantly concentrated in the Earth's surface reservoirs, including seawater and sediments. Their concentrations are low in the primitive mantle, with current estimates of 18 ppm F, 1.4 ppm Cl, 0.0036 ppm Br and 0.001 ppm I (Lyubetskaya and Korenaga, 2007) . As halogens are not compatible with mantle minerals, they are preferentially removed from the mantle during partial melting, and as such their concentrations are even lower in the depleted MORB mantle (DMM). Despite having low concentrations in the mantle, halogens are abundant in mantle-derived magmas, and are continuously discharged from volcanoes of a variety of settings. For example, F and Cl are the most abundant constituents of volcanic gases discharged from arc volcanoes after H 2 O, CO 2 and S species (Symonds et al., 1994) . The key mechanism responsible for volcanic outputs is the recycling of elements from surface reservoirs to the mantle through sub- Recent work has documented the importance of serpentinite in the transport and fractionation of the halogens in subduction zones (e.g. John et al., 2011; Kendrick et al., 2013) , with their findings suggesting Br and I are preferentially released relative to Cl and F during serpentine phase transition and decomposition. However, there are few studies documenting the abundance of halogens in other hydrous minerals. This paper reports the abundance of halogens in lawsonite-bearing blueschists from the Tavsanli Zone in northwestern Turkey using a variety of analytical techniques, and discusses the behaviour of halogens, particularly F, in subduction zones and the implications for global halogen recycling.
Geological setting
Turkey is comprised of several continental fragments that assembled during the Tertiary collision of Laurasia and Gondwana. In western Turkey, the Izmir-Ankara-Erzincan suture marks the collision of the southern and northern terranes. Prior to the collision, the margin of the southern continent, the Anatolide-Tauride Block, was subducted to a depth of 80 km by 80 Ma in an intraoceanic subduction zone and was metamorphosed in blueschist facies (Sherlock et al., 1999; Okay and Whitney, 2010) . The resulting blueschist belt, known as the Tavsanli Zone, is exposed immediately south of the suture (Fig. 1) . It is primarily comprised of Paleozoic-Mesozoic metabasites and metasedimentary rocks representing the subducted continental margin, in addition to tectonically overlying oceanic accretionary complex and peridotite. The east-west trending Tavsanli Zone is 50-60 km wide and approximately 250 km long (Okay and Whitney, 2010) . It is one of the most extensive and well-preserved blueschist belts in the world with little retrogression (Okay, 1980) .
In the western part of the Tavsanli Zone, the Orhaneli Group blueschists are divided into three units. The base is the quartzmica-pelitic schists of the Kocasu Formation (Okay, 2002) , which gradually changes to the overlying Inönü Marble. The mica schist consists of quartz, phengite, jadeite, chloritoid, Na-amphibole, lawsonite, and chlorite. The assemblage constrains the peak metamorphic conditions to 24 ± 3 kbar and 430 ± 30 • C, corresponding to a low geotherm of 5 • C/km (Okay, 2002) . The uppermost (Okay, 1980) . The metabasites contain euhedral lawsonite laths in a matrix of foliated sodic amphibole with variable amounts of phengite and chlorite. Rb-Sr phengite ages of 78.5-79.7 ± 1.6 Ma likely reflect the age of metamorphism in the region (Sherlock et al., 1999) . These metabasites are the focus of this study.
Samples
Lawsonite-rich metabasites were collected from three outcrops of the western Tavsanli Zone (Fig. 1) . All samples contain idioblastic lawsonite laths (< few mm in length) with varying abundance of blue amphibole (Table 1) . Samples are characterized by prograde mineral assemblages with very little retrograde products (e.g. no secondary calcic amphibole, and only minor epidote and albite).
Samples TUR12 and TUR14 are blueschists collected in the Orhaneli region, near the town of Deliballar (Okay and Whitney, 2010) . TUR12 contains an intergrowth of prismatic lawsonite (<0.5 mm) and Na-amphibole grains (<0.5 mm), with minor chlorite (Fig. 2A) . Lawsonite contains inclusions of quartz, Naamphibole and titanite. There are interstitial quartz, apatite, Na-Ca pyroxene and minor epidote throughout the sample. Large (up to 4 mm) euhedral lawsonite of TUR14 are highly fractured and contain inclusions of Na-amphibole and minor quartz. They are set in a matrix of fibrous Na-amphibole prisms (and some larger grains up to 0.5 mm), in addition to fibrous chlorite and minor rutile. Phengite grains are larger than in other samples (up to 0.3 mm), and are often found in clusters (Fig. 2B) . Blueschists from this region have been previously described by Okay (2002) .
One sample (TUR23) was collected from a blueschist outcrop near Harmancik (southeast of Orhaneli). It contains clusters of idioblastic lawsonite laths (∼1 mm length) along with minor Naamphibole needles (<0.2 mm) and minor titanite set in finegrained aggregates of phengite and chlorite (Fig. 2C) . The surrounding dark matrix is composed of fine-grained actinolite, chlorite, titanite, apatite and pyrite.
The remaining samples (TUR30, 31, 32, 33) were collected from the Devlez Formation near the village of Ketenlik, farther east along the Tavsanli Zone (Fig. 1) . Sample TUR30 is characterized by elongated lawsonite laths surrounded by Na-amphibole, phengite, quartz, minor apatite and minor titanite (Fig. 2D) . The lawsonite laths of TUR31 vary in size (up to 1 mm) and contain inclusions of quartz and titanite. They are surrounded by green Na-amphibole, chlorite, interstitial quartz and disseminated albite and phengite (Fig. 2E) . Wide (up to 5 mm) quartz veins are also present in the sample. TUR32 shows foliation defined by fibrous Na-amphibole and lawsonite laths (Fig. 2F) . Na-amphibole is compositionally zoned with Al-rich cores and Fe-rich rims. There is also minor chlorite, quartz and titanite throughout the sample. Generally, TUR32 is more fine-grained than the other three samples from this area. TUR33 contains veins composed of large lawsonite laths (up to 5 mm), which are fractured and contain inclusions of Na-amphibole, apatite and magnetite, similar to those of TUR14. Lawsonite is surrounded by a matrix of fine-grained fibrous Na-amphibole, iron oxides, apatite, titanite, phengite and minor chlorite (Fig. 2G) . Some phengite forms aggregates up to 0.5 mm. Blueschists from this outcrop have been previously described by Okay (1980) and sampling locations are described in the field trip guidebook by Okay and Whitney (2010) .
Analytical methods

Bulk-rock chemistry
Bulk rock major and minor element composition was determined by ALS Global (North Vancouver, Canada) using Xray fluorescence (XRF) after fusion of rock powder with 50/50 Li 2 B 4 O 7 /LiBO 2 , and trace element composition was determined at the same facility by ICP-MS following digestion of rock powder by concentrated HF-HNO 3 -HClO 4 -HCl.
Halogen extraction: pyrohydrolysis + IC/ICP-MS
Amphibole-rich and lawsonite-rich fractions were separated from four samples (TUR14, 30, 32, 33) by hand under a binocular microscope. A phengite-rich fraction was also collected from TUR14. The remaining samples were too fine-grained for separation. Halogens were extracted from the mineral-rich fractions and bulk rock samples using a modified pyrohydrolysis technique after Muramatsu et al. (2007) Na-amphibole, lawsonite and phengite were analyzed for Si, Ti, Al, Mg, Fe, Ca, Na, K, Mn, Cr and Ni at the University of Ottawa with a JEOL 8230 electron microprobe using a wavelength dispersive spectrometer. A 5 μm diameter 20 nA beam accelerated to 20 kV was used. Peak counting times were 10 s per element for the K α lines of Fe, Mn, Cr and Si, 20 s for K, Ca, P, Al, Ti, Na and Mg, and 50 s for Ni. Instrument calibration used sanidine (Si, Al, K), diopside (Ca, Mg), albite (Na), hematite (Fe), tephroite (Mn), San Carlos olivine (Ni), rutile (Ti), chromite (Cr) and apatite (P).
Mineral formulae of Na-amphibole grains were calculated using 23(O), and ferric and ferrous iron contents were determined on the basis of stoichiometric composition after normalizing to 8 Si atoms. For lawsonite, all iron was assumed to be Fe 3+ , and mineral formulae were determined using 8(O). Mineral formulae of phengite and the amount of Fe 3+ were calculated based on stoichiometric composition and charge balance using 11(O). The analytical conditions for apatite were 10 kV accelerating voltage, 4 nA beam current, and 10 μm diameter beam size as recommended by Goldoff et al. (2012) for optimal analysis of fluorchlorapatites. Each grain was analyzed in 1-3 spot(s), depending on grain size. Peak counting times were 10 s per element for Si Sr (Lα) and Cl (K α), and 50 s for F (Lα). Instrument calibration used sanidine (Si, Al, K), hematite (Fe), diopside (Mg), apatite (Ca, P, F), albite (Na), celestine (S, Sr), CePO 4 (Ce), LaPO 4 (La), and GaAs (As). The apatite standard contains 3.53 wt% F. An LDE1 diffraction crystal was used to enhance the count of F. Apatite mineral formulae were calculated based on normalizing to 13 (O, OH, F, Cl).
Ion microprobe analyses (SIMS)
Grains for in situ analyses were selected from EPMA-analyzed samples. Grains were cored from polished thin sections using a diamond-tipped drill bit, mounted in indium-filled Al holders, and gold-coated. Fluorine, Cl and H 2 O were measured by SIMS using a Cameca 4 f instrument at the Edinburgh Ion Microprobe Facility (EIMF), University of Edinburgh. A 5-nA primary beam of negative 16 O ions accelerated to 14.5 kV was used. Pit diameter was ca. 15 μm, depth of the analysis pits was <2 μm. Total counting times were 30 s per isotope per analysis. Water and Cl were calibrated using an in-house basaltic glass standard (St81-A9; Lesne et al., 2011) . Fluorine was calibrated using T1-G glass (Guggino and Hervig, 2010) . Reproducibility for all elements, as determined by repeat measurements of glass standards, is better than 10% for all elements.
The use of glass standards may introduce a bias due to matrix effects. Therefore, amphibole standards of known H 2 O, F and Cl contents were used to calibrate the matrix effects associated with Fe-Mg hydrous silicates. Correction factors of 1.4 for F and 1.9 for Leake et al. (2003) . Modified from Hawthorne and Oberti (2006) . For comparison, the composition of other blueschists in Turkey (e.g. Okay, 2002; Davis and Whitney, 2006) , Greece (Schliestedt, 1986) and New Caledonia (Spandler et al., 2003) are plotted.
Cl were ascertained and applied to the analysis of Na-amphibole and phengite. No matrix-induced fractionation was observed for H 2 O. Due to a lack of suitable standards for lawsonite, F and Cl contents of this mineral were calibrated using basaltic glass standards. Calibration curves can be found in supplementary material (Fig. S1 ).
Results
Bulk rock chemistry
Most samples have a basaltic chemical composition (44.4-52.1 wt% SiO 2 ; Table S2 of supplementary files). Sample TUR31 has a slightly higher SiO 2 content (58.0%), reflecting the abundant quartz veinlets in thin section. Although the overall composition is similar to that of tholeiitic basalts, the samples show some variations in major element abundance due to the coarse-grained nature of the samples. Samples have variable CaO (3.9-12.7 wt%) due to the presence of coarse-grained lawsonite, and moderate bulk-rock Mg# (0.49-0.74). TiO 2 content of most samples (0.5-2.1 wt%) is consistent with a ridge basalt protolith rather than an arc basalt (White and Klein, 2014) , and the presence of phengite in most samples corresponds to elevated K 2 O (0.34-0.82 wt%) relative to typical N-MORB values. Two samples have very low bulk K 2 O (<0.06%), and as a result contain only a very minor amount of phengite. High P 2 O 5 (up to 0.67 wt%) in most samples is consistent with the presence of apatite. Overall, major element data of the Tvasanli Zone blueschists are consistent with their origin as basaltic rocks of the Izmir-Ankara Ocean.
Mineral chemistry
Na-amphibole
All amphiboles are sodic following the classification of Leake et al. (2003) , with Na dominating the B-site (≥ 1.50 pfu; Table S3 ; Fig. 3 ). Other than minor K (<0.01 pfu), the A-site is vacant in all samples except for TUR31 which has high Na (<1.92 pfu). (Spandler et al., 2003) , the Catalina Schist, California (Bebout et al., 2007) , Mariana forearc (Pabst et al., 2012) , and the Sivrihisar Massif of the eastern Tavsanli Zone (Davis and Whitney, 2006) .
Lawsonite
The lawsonite grains have near-ideal chemical composition with minimal variation among different grains, and among different samples (Table S4) . Total Fe content is elevated, up to 2.3 wt%, compared to other lawsonites in blueschists worldwide (e.g. Spandler et al., 2003) , but the values are similar to those of lawsonite of the Sivrihisar Massif in the eastern part of the Tavsanli Zone (Davis and Whitney, 2006) .
Phengite
Phengite is common in TUR14, TUR30 and TUR33, and is a minor constituent of TUR23 and TUR31. In the latter, grains are small (<100 μm) and often intergrown with chlorite, making precise composition analysis difficult. Phengite composition in the Deliballar outcrop sample (TUR14) covers a narrow range (Si = 3.4-3.5 pfu; Table S5 ), similar to previous reports for white mica in other lawsonite blueschists in the world (e.g. Spandler et al., 2003; Davis and Whitney, 2006; Bebout et al., 2007) . A wider spread in Si content (3.4-3.9 pfu) is observed for two samples from the Ketenlik outcrop (TUR30, TUR33). From the same outcrop, phengite in TUR31 has low Si (3.2-3.4 pfu) and K/Na (<30; Fig. 4 ), suggesting this sample may have re-equilibrated at low temperatures.
Apatite
Apatite in all samples contain high F (2.64-3.75 wt%), but low Cl (<0.06 wt%), classifying them as fluorapatites (Table S6 ; Fig. 5 ). In addition to CaO and P 2 O 5 , most samples contain minor amounts of MgO (<0.07 wt%), Na 2 O (<0.09 wt%), K 2 O (<0.15 wt%), SrO (<0.41 wt%), Ce 2 O 3 (<0.64 wt%), La 2 O 3 (<0.63 wt%), Al 2 O 3 (<0.1 wt%), SO 3 (<0.55 wt%), and As 2 O 5 (<0.17 wt%), along with variable FeO (<1.4 wt%) and SiO 2 (<2.3 wt%).
Halogens
Mineral fractions and bulk rock by pyrohydrolysis
Bulk rock Cl concentrations (8-22 ppm) are two orders of magnitude greater than those for Br (0.07-0.24 ppm) and I (0.13-0.52 ppm), with Br/Cl and I/Cl ratios covering a narrow range (0.006-0.019 and 0.011-0.024, respectively; Table S7 ). Fluorine is the most abundant halogen in all bulk samples, with concentrations ranging from 222 to 616 ppm and corresponding F/Cl ratios of 25.3 to 74.1. 
There is overlap with apatites from other HP belts (e.g. Svensen et al., 2001; John et al., 2008) , however in general the Tavsanli blueschists have higher F.
Mineral-rich fractions have a larger spread in halogen concentrations, particularly for F and Cl. Sodic amphibole-rich fractions show high F (198-608 ppm) compared to the heavier halogens (10-40 ppm Cl, 0.16-0.26 ppm Br, and 0.12-1.01 ppm I). Despite the wider spread in heavy halogen concentrations, their ratios fall within narrow ranges (0.005-0.016 Br/Cl, 0.011-0.025 I/Cl), but F/Cl ratios (7.9-38.4) do not. An even larger spread is observed for the halogen concentrations of lawsonite-rich fractions (120-955 ppm F, 8-56 ppm Cl, 0.14-0.47 ppm Br, and 0.14-1.37 ppm I), but the spread in Br/Cl and I/Cl ratios is narrow (0.008-0.021 and 0.018-0.024, respectively) compared to the spread in F/Cl ratios (8.8-37.2). The phengite-rich fraction has F/Cl, Br/Cl and I/Cl ratios of 34, 0.013 and 0.016, respectively.
Fluorine and Cl contents of bulk samples are broadly correlated with bulk K 2 O and P 2 O 5 (Fig. S2) , providing evidence that phengite and apatite may influence the bulk halogen content of these blueschists.
Hydrous mineral concentrations by SIMS
Phengite and lawsonite contain higher F (372-572 ppm and 295-861 ppm, respectively) than Na-amphibole (84-390 ppm) (Table 2). Chlorine concentrations are lower than those of F for all three minerals and in all samples by an order of magnitude or more, agreeing with the results from bulk pyrohydrolysis extractions in this study. Phengite (21-77 ppm) and Na-amphibole (18-97 ppm) have similar concentrations, while lawsonite has lower Cl concentrations spanning a narrow range (20-46 ppm). Na-amphibole and lawsonite F/Cl ratios (0.97-21 and 11-36, respectively) cover a range of two orders of magnitude, similar to those of the corresponding extracted mineral fractions. Phengite F/Cl ratios also cover a range of two orders of magnitude (5-27), slightly lower than the ratio reported for the only phengite-rich mineral fraction.
Apatite concentrations by EPMA
Apatite contains higher F concentrations (up to 3.51 wt%; Table 2) than Na-amphibole, lawsonite and phengite, contributing up to 51% of total F in bulk samples. Chlorine concentrations in apatite are also elevated (up to 253 ppm) with respect to the other minerals, but to a lesser extent than F concentrations, as evidenced by apatite's higher F/Cl ratios (114-493).
Mineral partitioning
The distribution of halogens among Na-amphibole, phengite and lawsonite is varied across samples. In TUR30, F distributes evenly between amphibole and lawsonite (distribution coefficient, D Fluorine concentrations in apatite are two to three orders of magnitude greater than in the hydrous minerals ( Table 2 ). The partitioning of F between apatite and Na-amphibole is varied across all samples (D 
Discussion
Halogen concentrations in blueschists
Bulk rock halogen abundances were calculated based on the measured halogen concentrations of Na-amphibole, lawsonite, phengite and apatite along with their modal abundances in each sample. Calculated F and Cl values in bulk rock are generally in good agreement with the measured bulk rock concentrations (Table S8). This verifies that there are no other major halogen-rich phases in the blueschist samples.
Halogen uptake
Since the Tavsanli zone blueschists are characterized by prograde mineral assemblages with very little retrogression (Table 1) , halogens in these samples represent those deep in the subduction zone, as opposed to acquired during retrogression at shallow depths.
The presence of hydrous minerals and high Na in our samples are consistent with seafloor alteration prior to subduction, which should enrich Cl in basaltic rocks. However, the Cl content of these blueschists is much lower than that of the altered oceanic crust (e.g. 334 ppm; Sano et al., 2008) , indicating that Cl may have been expelled before or during blueschist metamorphism.
Very few studies have been carried out on the abundance of Br and I in oceanic crust. Since amphibole is considered to be the major host of halogens in altered mafic rocks, the halogen concentrations of secondary amphibole from oceanic metagabbros (Kendrick et al., 2015) are used to approximate altered oceanic crust. The Br content of the metagabbros (0.46-1.98 ppm) is comparable to the range of Br in unaltered MORB (0.26-3.12 ppm; Kendrick et al., 2012) , and up to an order of magnitude higher than Br concentrations in the Tavsanli Zone blueschists. This may suggest that like Cl, Br is lost from the slab during subduction, however, elevated Br/Cl ratios with respect to unaltered and altered MORB (Fig. 7) may indicate preferential retention of Br in the down-going slab relative to Cl.
This study shows elevated abundances of I and F in bulk rock and mineral-rich fractions compared to the values in unaltered MORB (avg. 0.046 ppm I, Kendrick et al., 2012; avg. 147 ppm F, Le Roux et al., 2006) and altered oceanic crust (avg. 0.023 ppm I, Kendrick et al., 2015; avg. 216 ppm F, Straub and Layne, 2003) . Seawater concentrations of F and I are too low to explain this enrichment. A plausible source of F and I are sediments on the sea floor or near subduction zones (e.g. John et al., 2011) . High F values are reported in pelagic clays (up to 1300 ppm; Li, 1982) and organic-rich sediments, in particular, contain high concentrations of I (e.g. Muramatsu et al., 2007) . Following fluid circulation through overlying sediments near subduction zones, it is likely that the oceanic crust becomes enriched in F and I on the sea floor prior to subduction, or along bending-related extensional faults at the outer rise. In addition, a large supply of I-rich shallow water sediments would have been available given the close proximity of continents to this particular subduction zone.
Halogen fractionation
A positive correlation between Cl, Br and I in mineral fractions suggests an overall similar behaviour in subduction zones (Figs. 6a, b) . Conversely, F concentrations do not correlate well with the heavier halogens (Fig. 6c) . This difference in behaviour of halogens is attributed to the enhanced reactivity of F due to its smaller size and higher electronegativity. Of the four halogens, the ionic radius (1.33 Å) of F is most similar to that of OH − (1.35 Å), making it most compatible for substitution in hydrous minerals. An additional mechanism for the incorporation of F into silicate minerals is the coupled substitution of Al 3+ and F − with Si 4+ and O 2− (1.21 Å), as previously suggested to explain F uptake in pyroxenes (Mosenfelder and Rossman, 2013) . The elevated I/Cl, Br/Cl and F/Cl ratios of our samples relative to altered oceanic crust (Fig. 7) , suggest either I, Br and F are enriched in the crust prior to subduction, or these halogens are preferentially retained relative to Cl during subduction-related metamorphism. 
Halogen partitioning between hydrous minerals
Chlorine
Chlorine preferentially partitions into phengite and Na-amphibole, with average concentrations for each mineral in all samples of 59 ppm for Na-amphibole, 56 ppm for phengite and 27 ppm for lawsonite (Table 2) . The low Cl content of lawsonite may be related to structural differences among the three minerals. Micas and amphiboles have appreciably more M 2+ cations in their octahedral sites than lawsonite, which minimizes distortion of their hydroxyl sites and allows for greater substitution of Cl − in the OH − site (Volfinger et al., 1985) . Furthermore, hydrogen bonding may also affect halogen uptake. Amphibole and phengitic muscovite have weak hydrogen bonding (Catlow and Wright, 1999; Gatta et al., 2011) , but lawsonite contains multiple hydrogen bonds (Libowitzky and Rossman, 1996) . Therefore, hydroxyl substitution may be less energetically favourable in lawsonite given the additional energy requirements to overcome these bonds.
Fluorine
In situ measurements reveal F preferentially concentrates in phengite (avg. 482 ppm) and lawsonite (avg. 482 ppm) over Naamphibole (257 ppm). Fluorine may be more readily retained by phengite and lawsonite due an increase in the electrostatic attraction between F and interlayer K + in phengite and A-site Ca 2+ in lawsonite. When F − substitutes for OH − , the reduced distance between the halogen and interlayer/cavity cations allows for a greater attraction between them. The Na-amphiboles, on the other hand, have vacancy in the A-site, and thus may not as readily retain F. Our results are in agreement with data from other eclogites showing higher F in phengite over co-existing amphiboles (e.g. Svensen et al., 2001) .
Bromine and iodine
Partitioning of Br and I between co-existing minerals is evaluated from pyrohydrolysis extractions of amphibole-and lawsoniterich fractions. Bromine concentrations appear uniform between both mineral phases in all samples, except for TUR33 in which the lawsonite concentrate has two times more Br. Iodine seems to preferentially partition into lawsonite, as observed by elevated concentrations in the lawsonite-rich fractions of TUR 30, 32 and 33. In addition to substitution for OH − groups, large cavities containing H 2 O and Ca + in lawsonite's structure may accommodate I ions.
Halogens in apatite
Apatite preferentially incorporates F from fluids (Spear and Pyle, 2002) , and the small F ion can easily fit in the columnar anion site, coplanar with the M2 cations. In contrast, Cl and OH ions are too large, and are displaced above or below the cation plane. With increasing pressure, the incorporation of small F is favoured. Since F is an essential component of fluorapatites, it is preferentially concentrated in apatite over other minerals, such as amphibole, lawsonite and phengite. The halogen abundance of apatite in our samples is similar to metamorphic apatite from Norwegian eclogites (Svensen et al., 2001) . Measured F contents in phengite in our samples are similar, but those in Na-amphibole and lawsonite are higher than those in blueschist facies metagabbros reported by Debret et al. (2016) . Furthermore, their estimated bulk F contents based on concentrations in these minerals and their modal abundances are much lower than our measured values. The difference may be related to apatite since it is the major mineral phase hosting F in our samples, but is not considered in their calculations as their samples may contain low P.
Implications for halogen recycling
Low Cl concentrations recorded for all hydrous minerals in these samples imply that Cl is expelled at much shallower depths in the subduction zone. This is in good agreement with previous estimates that as much as 75% of the subducted Cl in rocks and pore fluids may be released from the accretionary prism at slab depth <15 km (Jarrard, 2003) . Metamorphism before or during the blueschist facies may also contribute to Cl loss from the subducting slab before 80 km depth. This proposed interpretation is supported by the broad correlation between bulk rock Cl and As concentrations (0.5-2.2 ppm) (Fig. S3) . Since As is lost early from subducting slabs (<35 km depth; Hattori et al., 2005) , the evidence supports Cl loss in addition to other fluid-mobile elements during shallow subduction. Similarly low concentrations of Cl have been reported for bulk rock blueschists (60-300 ppm) and eclogites (30-60 ppm) from the island of Syros, Greece (Marschall et al., 2009) .
In contrast, elevated F concentrations in these blueschists suggest F is retained during subduction to at least 80 km depth. A positive correlation between F and Be in our bulk rocks (Fig. S3 ) supports this interpretation, since Be exhibits conservative behaviour during subduction-related dehydration reactions (Marschall et al., 2007) . Na-amphibole decomposition at <90 km depth (associated with the blueschist-eclogite transition) has been proposed to contribute to partial melting for arc magmatism (Peacock, 1993) . However, the F/Cl ratios for Na-amphibole in these blueschists are higher than those reported for volcanic arc outputs and back-arc basin (Kendrick et al., 2015) are used as a proxy for altered oceanic crust. The low Br/Cl ratios of the altered oceanic crust relative to unaltered MORB and seawater (Li, 1982) suggest Cl is preferentially incorporated into amphibole over Br during hydrothermal alteration. Br/Cl and I/Cl ranges for MORB (Kendrick et al., 2012) overlap with the lower range of pore fluids of marine sediments (Muramatsu et al., 2007) . Pore fluid data extends to higher values, overlapping with incoming plate sediments (John et al., 2011) , and the Tavsanli zone blueschists analyzed in this study. (b) The F/Cl range for altered oceanic crust (Magenheim et al., 1995) is lower than that of unaltered MORB (Le Roux et al., 2006) , but significantly elevated relative to seawater (Li, 1982) . F/Cl values of the Tavsanli blueschists are higher than MORB values, and overlap with the upper range of incoming plate sediments. basalts (Fig. 8) , suggesting amphibole dehydration may not be the dominant source for these halogen signatures. Given the relatively shallow depth of dehydration, Na-amphibole is likely not relevant for the transfer of halogens to the deeper mantle. However, F in the amphibole structure may widen its stability to higher pressures and temperatures, allowing F-rich Na-amphibole to remain stable under eclogite facies conditions (Holloway and Ford, 1975) , and carry F to greater depths.
The high F contents of lawsonite and phengite in this study are of particular interest given the wide stability of these minerals in cool subduction zones. Lawsonite is stable to 80-90 kbar, and phengite to 100 kbar, at 900 • C (Schmidt and Poli, 1998) . Once they decompose, the resulting fluids would have high F/Cl ratios. It is interesting to note that these ratios are comparable to melt formed at deep levels, including ocean island basalts (e.g. Hauri, 2002; Kendrick et al., 2015) , and kimberlites (e.g. Paul et al., 1976) (Fig. 8) , suggesting the importance of these minerals for the transfer of F to the deep mantle.
Despite not contributing to the water budget of subducting slabs, apatite is likely an important repository of halogens during HP metamorphism, transporting F (and some Cl) beyond subarc depths. Upon apatite breakdown at ∼200 km, halogens in apatite may be released to the overlying mantle, or possibly incorporated into stable hydrous silicates such as phengite and lawsonite (Konzett and Frost, 2009 ).
Chlorite (12 wt% H 2 O) is present in variable abundance in all samples, and the texture and occurrence suggest it is a prograde product. Chlorite stability is primarily temperature dependent, and in cold subduction zones it may remain stable to 40+ kbar (∼100+ km; Mookherjee and Mainprice, 2014) . Although we did not determine halogen contents in chlorite due to its intergrowth with other minerals, the bulk rock data for chlorite-rich TUR31 (582 ppm F, 8 ppm Cl) suggest chlorite likely contains F and Cl concentrations similar to the other hydrous minerals, and there is little partitioning of F and Cl between chlorite and other minerals.
Low Cl and high F content in the Tavsanli Zone blueschists support previously proposed interpretation based on the halogen content of arc magmas that Cl is effectively liberated during subduction at shallow depths, whereas F is largely retained in the down-going slab beyond arc front depths (Straub and Layne, 2003) . Liberation of Cl during early subduction is also documented by expulsion of saline fluids from accretionary prisms (e.g. Godon et al., 2004) . High I/Cl ratios of bulk samples and mineral separates suggest I may be fractionated from Cl during subduction, and like F, Fig. 8 . Box-and-whisker plot displaying the F/Cl ratios of apatite, Na-amphibole, lawsonite and phengite from the Tavsanli Zone blueschists, northwestern Turkey. For comparison, F/Cl ratios for various magmas have been added. High F/Cl ratios of lawsonite and phengite suggest these minerals may provide a means for transporting F to the deep upper mantle, supplying magmas of deeper origin such as ocean island basalts (e.g. Hawaiian melt inclusions, Hauri, 2002 ; Samoa glasses, Kendrick et al., 2015) and kimberlites (e.g. bulk rock from Greenland, South Africa and India, Paul et al., 1976) . Volcanic arc data are from Lesser Antilles melt inclusions (Heath et al., 1998) , Central American Arc pyroclastic rocks (John et al., 2011) , and Izu Arc glasses and fallout tephra (Straub and Layne, 2003) . Back-arc basalt data are bulk rock data from the Lau Basin (Bézos et al., 2009). incorporated into hydrous minerals. Bromine may also be fractionated from Cl based on slightly elevated Br/Cl ratios, but to a much lesser extent than F or I. Chlorine, and most Br, is likely released before or during blueschist metamorphism, whereas F is retained in phengite, lawsonite and apatite at blueschist depth.
When apatite eventually breaks down at ∼200 km, F may be redistributed to phengite and lawsonite, whereas minor Cl in apatite is most likely released to the overlying mantle wedge. Finally, at ∼280-300 km in cold subduction zones, lawsonite and phengite decompose, releasing F to the deeper upper mantle.
Conclusions
Hydrous blueschist minerals of the Tavsanli Zone contain high F and low Cl concentrations, suggesting F is preferentially retained, whereas Cl is lost at shallow depths (<80 km) in subduction zones. A positive correlation between Cl, Br and I contents of the pyrohydrolysis extracts suggests Br and I may behave similarly to Cl in subduction zones, although high I/Cl and slightly high Br/Cl ratios relative to MORB indicate some fractionation of I and Br from Cl during subduction and blueschist facies metamorphism.
Chlorine partitioning among the four analysed minerals follows apatite > phengite ≈ Na-amphibole > lawsonite, and F partitioning follows apatite phengite ≈ lawsonite > Na-amphibole. The halogens preferentially reside in apatite because they are accommodated in the M2 site. The eventual decomposition of apatite at ∼200 km may lead to a redistribution of F into lawsonite and phengite. The accommodation of F in lawsonite and phengite suggests F may be transported by these minerals to a depth of 280-300 km in cold subduction zones, and may contribute to the high F content observed in deep mantle magmas, such as ocean island basalts and kimberlites.
or triplicates of one sample). Collected solutions were diluted 5x for ICP-MS analysis, and 1% HNO 3 was added to stabilize anions in solution. Dilution was not necessary for IC analysis.
